During laparoscopic surgery, the surgeon's hand-eye coordination is often disrupted by the incongruent mapping between the orientation of the endoscopic view and the actual operative field. This can lead to higher mental load and deteriorated performance for the surgeon. This study investigated the effect of visual-motor misalignment on laparoscopic surgery performance. Twenty-four subjects participated in a dynamic point-and-touch task, with 8 image rotations under different optical axes and different endoscope locations in a simulated laparoscopic surgery environment. Performance was best when the endoscopic image was perfectly aligned with the actual task space (0º image rotation), but degraded progressively as a function of deviation from perfect alignment. Subjects' performance maintained a consistent pattern across 8 image rotations regardless of optical axis orientation and endoscope location. Therefore, it is recommended that any solution to restore the visuomotor congruency in laparoscopic surgery should first align the image with the task space.
INTRODUCTION
Laparoscopic surgery requires a high degree of hand-eye coordination. A congruent mapping between the endoscopic view and the surgical field is important. In open surgery, a large incision allows the surgeon to directly observe the surgical site and use his/her hands to directly manipulate the target tissue. In laparoscopic surgery, direct observation and manipulation are no longer possible. The surgeon has to operate through several small incisions with long and slender instruments, and the visual interface between the surgeon and the operative field is provided by an endoscope and a 2D monitor. During the surgical procedure, the endoscope is frequently repositioned to focus on different parts of the operative space, and the endoscopic camera is often unintentionally rotated along its long axis, both of which result in rotated images of the operative site. This can lead to confusing spatial transformations between visual perception and motor control. The endoscopic image is also influenced by the angle between the optical axis of the endoscope and the plane of the surgical target, called the optical axis-to-target view angle (OATVA) . In an aiming and probing task, Hanna and Cuschieri (1999) have found that best performance was obtained with an OATVA of 90°, and a smaller OATVA resulted in significant performance degradation.
Under misaligned visuomotor mapping, the surgeon has to perform mental rotations to complete the surgical procedures (Conrad, et al., 2006; Gould, & Frydman, 2007) . It can be done by mentally transforming either the displayed image or the surgeon's control movements into alignment with the other (Cooper, & Podgorny, 1976; Easton, & Sholl, 1995; Shepard, & Hurwitz, 1984; Wraga, Creem & Proffitt, 1999) . However, it is difficult for surgeons to re-orient themselves in a short time with each change of the viewing perspectives. Several studies conducted to investigate hand-eye coordination in laparoscopic surgery have shown that misaligned visual-motor mapping leads to deteriorated performance (longer performance time and increased error rates) and higher mental load for surgeons (Cresswell, Macmillan, Hanna & Cuschieri, 1999; Gould, & Frydman, 2007; Wentink, Breedveld, Meijer & Stassen, 2000) . However, none of these studies have examined the combined effects of camera rotation, endoscope location and OATVA in a single study. Also, no studies have dealt specifically with a dynamically moving target in the surgical space.
Numerous studies have shown that humans are adaptive, even under severely distorted viewing conditions (Harris, 1965; Kim, Ellis, Tyler, Hannaford & Stark, 1987; Mistry, & Contreras-Vidal, 2004) . However, it is resistant to conscious effort to alter adaptation; and it takes time for the readaptation to take place (Cunningham, & Welch, 1994; Kim, et al., 1987) . Novice surgeons need intensive training and practice to become adapted to the misaligned hand-eye mapping. Cunningham (1989) suggested that even with training and adaptation, humans have more difficulty performing tasks with visual-motor discordance than with normal mapping.
The ultimate goal of this research was to design a visualization system for laparoscopic surgery that would automatically eliminate the necessity to perform mental rotations during surgery. Towards this goal, it was necessary to delineate the negative effects of visuomotor misalignment in laparoscopic surgery. Therefore, this study examined the impact of progressively increasing degrees of image rotations on performance under different OATVAs and different endoscope locations in a dynamic point-and-touch task. It was hypothesized that performance is better when the viewing image is aligned (i.e., the visual image is mapped directly to the orientation of the operative site), and worsens when the image is deviated from this alignment. We also expected that the greater the deviation from the alignment, the worse the performance would be.
METHOD Participants
24 subjects (12 males and 12 females) participated in the study. All participants were right-hand dominant and had normal or corrected-to-normal vision, aged between 22-45 years old. None of them had previous experience performing laparoscopic surgery or simulated laparoscopic surgery.
Apparatus
The surgical simulator (see Figure 1 ) used for this study consists of a Stryker Endoscopy system (Stryker Endoscopy, San Jose, CA, USA), a trainer box, and the Dynamic Minimally Invasive Training Environment (DynaMITE) system (Bell, et al., 2007; Bell, Zhou, Schwaitzberg & Cao, 2009 ). A 0° endoscope was used to obtain the view of the task space in the trainer box. The endoscopic view was projected onto the 2D monitor, which was placed 1 m in front of the subject at eye-level.
DynaMITE is an innovative surgical simulator designed to train laparoscopic surgery skills (Bell, et al., 2007; Bell, et al., 2009 ). It contains a target array with five vertical metal pegs, each surrounded by an indicator light (see Figure 2A) . Spatial or color cues of the task space were eliminated using black tape and papers within the trainer box (see Figure 2B) . A computer program was used to control the motion of the target array and the illumination of the individual indicator lights. The target array was programmed to move in an hourglass trajectory at a velocity of 6.28 mm/sec (see Figure  2C ). An automatic scoring mechanism was also incorporated into the computer system to measure task completion time and error.
Task and procedure
Holding a laparoscopic grasper with the right hand, subjects were asked to perform a dynamic point-and-touch task as quickly and as accurately as possible on DynaMITE in the trainer box. They were required to touch the top of one of the 5 moving metal pegs, according to which indicator light was turned on. If contact with the illuminated peg was successful, a different peg was illuminated. A trial was completed when successful contacts were made with all 5 pegs, or until a specified allowable time (15 seconds) had elapsed, whichever occurred first. The order of the pegs to be touched was randomized. 
Viewing conditions and experimental design
The spatial relationship between the subject, the task space and the monitor remained fixed throughout the experiment. Two pairs of viewing perspectives were chosen: in Pair One (see Figure 3A) , one endoscope location was at the center of the trainer box with an optical angle-to-target view angle (OATVA) of 90°, and the other was at -45° from the midline of the subject, with an OATVA of 45°; in Pair Two (see Figure 3B ), the endoscope was either at 0° from the midline of the subject, or at 180° from the midline of the subject, both with an OATVA of 45°. With the endoscope in place, the camera was rotated along its long axis to achieve rotations of the displayed image. There were 8 camera rotations at each viewing perspective: 0°, -45°, -90°, -135°, 180°, 135°, 90°, and 45°. It should be noted that a camera rotation in one direction leads to an image rotation in the opposite direction. That is, when the camera is rotated clockwise along its long axis, the displayed image of the task space is rotated counter-clockwise by the same angle.
A between-subjects mixed design was used in the experiment. Subjects were randomly assigned to one of the two paired viewing perspectives. Each group of 12 subjects performed the dynamic point-and-touch task under the assigned pair of viewing perspectives, each with 8 image rotations. Subjects performed 3 trials at each image rotation for a total of 24 trials in each viewing perspective, and a total of 48 trials in the experiment. The presentation order of the viewing perspective within each group was counterbalanced. The order of the camera rotations was randomized.
Dependent measures
The dependent measures were time to task completion and number of misses (defined as inability to make contact with a peg in 15 seconds). All results were recorded automatically by the DynaMITE software. 
Data Analysis
The effects of endoscope location and OATVA were examined separately, as a function of image rotations. With the OATVA fixed at 45°, three 2-way ANOVAs were conducted between the three endoscope locations (-45°, 0°, 180°). Similarly, three 2-way ANOVAs were performed between the OATVA of 90° and each of the three conditions with the OATVA of 45°.Tukey's HSD post-hoc analyses were also performed. A Bonferroni adjustment of 0.017 (0.05/3) was applied to the significance level for all analyses performed.
RESULTS
Data analysis showed a significant main effect of endoscope location as a function of image rotations for all three pair-wise ANOVAs in time to task completion (between endoscope locations of 0° and 180° from the midline of the trainer: F(1,165)=17.36, p<0.0001; between endoscope locations of 0° and -45°: F(1,176)=19.30, p<0.0001; between endoscope locations of 180° and -45°: F(1,176)=62.86, p<0.0001) (see Figure 4) . Within each ANOVA, there was also a significant main effect of image rotation (F(7,165)=56.17, p<0.0001; F(7,176)=41.34, p<0.0001; F(7,176)=42.46, p<0.0001, correspondingly) (see Figure 4) . Similar results were obtained in number of misses (see Figure  5 ).
The effect of OATVA was not consistent as a function of image rotations over different endoscope locations in time to task completion. Performance at the OATVA of 90° was significantly better than at the OATVA of 45° when the endoscope was placed at 0° or 180° from the midline of the subjects (comparison between OATVAs of 90° and 45° with the endoscope at 0°: F(1,176)=21.20, p<0.0001; comparison between OATVAs of 90° and 45° with the endoscope at 180°: F(1,176)=64.87, p<0.0001) (see Figure 6 ). No significant difference was found between OATVAs of 90° and 45° with the endoscope at -45° from the midline. Within each ANOVA, a significant main effect of image rotation was also attained (F(7,176)=31.14, p<0.0001; F(7,176)=32.19, p<0.0001; F(7,165)=51.14, p<0.0001, correspondingly) (see Figure 6) . Similar results were also found in number of misses (see Figure 7) .
For image rotations, post-hoc analyses showed that performance was best at 0°, -45°, and 45°, intermediate at -90° and 90°, and worst at -135°, 135° and 180°, in both dependent measures.
Note that for all figures presented, the data at the image rotation of -180° are the duplicate of those at 180° image rotation. 
DISCUSSION
As expected, performance was best when display and control were aligned (0° image rotation). As the angle of image rotation deviated from the aligned condition, performance was degraded (with longer performance times and more misses), likely because spatial transformations of the controls had to be performed. With different degrees of camera rotation, an upward movement of the end-effector in the motor space, for example (blue arrows in Figure 8A ), leads to a different movement direction in the visual space (see black arrows in Figure 8A ). Conversely, to achieve a desired upward direction movement in the visual space (black arrows in Figure 8B ), spatial transformations need to be performed in the motor space according to the angle of perceived image rotation (blue arrows in Figure 8B ). That is, a movement of the tool end-effector 45 degrees to the upper right quadrant is required when the image is rotated 45°; and a rightward movement of the tool end-effector is needed when the image rotation is 90°. Therefore, the larger the image rotation, the more degrees of transformation need to be conducted, and the longer the performance would be, with more errors. The effect of image rotation agrees with the findings of Cunningham (1989) and Cooper (1975) , suggesting that it takes longer to perform mental rotation when display and control are misaligned, and the time taken is proportional to the angular departure from the aligned orientation. The same movement direction in the motor space leads to different movement directions in the visual space; B: Different spatial transformations in the motor space need to be performed in order to achieve the same movement direction in the visual space.
Performance was also significantly different between three endoscope locations with the same OATVA of 45°. Performance was best with the endoscope at -45° from the midline of the subjects, and worst at 180°. With a fixed OATVA at less than 90°, different endoscope locations can produce different perspectives of the working site. A viewing perspective from the opposite side of the subjects with respect to the task space (180° from the midline of the workspace) was harder to deal with than those from the same side of the subjects (0° and -45° from the midline of the workspace).
In general, OATVA of 90° was better than OATVA of 45. This result agrees with what Hanna and Cuschieri (1999) have found, suggesting that a decrease of OATVA from 90° would result in performance degradation. It appears that an OATVA of 90° or close to 90 degrees should be maintained to ensure better performance. In practice, however, it is difficult for the 0° endoscope to reach an OATVA of 90°. It would require the assistant to always hold the endoscope vertically with respect to the plane of the operating table. Moreover, vertical orientation of the endoscope in front of the surgeon can block the surgeon's view of the monitor.
The effects of endoscope location and OATVA did not affect the subjects' performance pattern across image rotations. That is, the relative difficulty of the misalignment across 8 image rotations was consistent for the different endoscope locations and different OATVAs, suggesting that congruency between display and control is more important for visuomotor coordination than the viewing perspective of the operative site.
The findings in this study have important clinical implications for laparoscopic surgery and other image-guided surgical procedures. Firstly, at times during the laparoscopic procedure when surgeons are likely to encounter situations where there is a misalignment between the displayed image and the actual operative field, it would be beneficial for surgeons to be able to rotate the endoscopic camera so that visuomotor congruency is restored. Secondly, endoscope perspectives from the opposite side of the operating surgeon, with respect to the surgical space, should be avoided. Thirdly, an OATVA close to 90° in laparoscopic surgery should be maintained to enhance performance. Lastly, this work suggests a need and possible solutions for re-designing the visualization system in laparoscopic surgery. One such solution can be an automatic re-aligning mechanism (either through software or hardware) to restore a congruent mapping between display and control whenever a misalignment is detected.
